Purpose To assess the associations between inter-site texture heterogeneity parameters derived from computed tomography (CT), survival, and BRCA mutation status in women with high-grade serous ovarian cancer (HGSOC). Materials and methods Retrospective study of 88 HGSOC patients undergoing CT and BRCA mutation status testing prior to primary cytoreductive surgery. Associations between texture metrics-namely inter-site cluster variance (SCV), intersite cluster prominence (SCP), inter-site cluster entropy (SE)-and overall survival (OS), progression-free survival (PFS) as well as BRCA mutation status were assessed. Results Higher inter-site cluster variance (SCV) was associated with lower PFS (p = 0.006) and OS (p = 0.003). Higher inter-site cluster prominence (SCP) was associated with lower PFS (p = 0.02) and higher inter-site cluster entropy (SE) correlated with lower OS (p = 0.01). Higher values of all three metrics were significantly associated with lower complete surgical resection status in BRCA-negative patients (SE p = 0.039, SCV p = 0.006, SCP p = 0.02), but not in BRCApositive patients (SE p = 0.7, SCV p = 0.91, SCP p = 0.67). None of the metrics were able to distinguish between BRCA mutation carrier and non-mutation carrier. Conclusion The assessment of tumoral heterogeneity in the era of personalized medicine is important, as increased heterogeneity has been associated with distinct genomic abnormalities and worse patient outcomes. A radiomics approach using standard-of-care CT scans might have a clinical impact by offering a non-invasive tool to predict outcome and therefore improving treatment effectiveness. However, it was not able to assess BRCA mutation status in women with HGSOC.
Introduction
Ovarian cancer is the fifth most common cause of cancer deaths among women in the United States, accounting for almost half of all gynecologic cancer deaths. High-grade serous ovarian cancer (HGSOC) is the most common histological subtype and has the least favorable prognosis. The fact that five-year survival rates remain poor and inferior to most other tumor entities emphasizes the importance of developing new stratification approaches to optimize therapeutic strategies and finally outcomes [1, 2] .
Late-stage detection, as is common in ovarian cancer due to the vague, non-specific symptoms, is associated with delay in treatment but also fails to explain the variable clinical outcome. There is increasing evidence hinting that the underlying genetic alteration is relevant for determining the course of disease, e.g., response to treatment, and therefore prognosis. Bolton et al. showed that women with positive BRCA1 or BRCA2 mutation status had a better 5-year overall survival (OS) compared with non-carriers, Extended author information available on the last page of the article and BRCA2 was associated with the most favorable prognosis [3] . These findings are in line with another study demonstrating an OS benefit in HGSOC patients who had BRCA2 mutation status compared with patients who had BRCA1-or BRCA-negative mutation status [4] . In contrast, another multicenter study did not find a difference in progression-free survival (PFS) between HGSOC patients with germline BRCA mutation and those with BRCA wild type, despite the fact that the BRCA mutation carriers initially presented more frequently with peritoneal spread, bulky lymph nodes, and a high tumor load [5] . Furthermore, this study found that in the BRCA wild-type group, women who received primary debulking surgery had PFS that was 8 months longer than women who received neoadjuvant chemotherapy, but in the BRCA mutation carrier group, there was no significant difference between the treatments [5] . Although these results are interesting especially in the light of higher chemosensitivity in BRCA mutation carriers, they also underpin the importance of BRCA mutation status testing for a more personalized treatment stratification.
The presence of tumor heterogeneity has been demonstrated in many different malignancies [6] [7] [8] including ovarian cancer and pancreatic cancer [9, 10] . Gerlinger et al. were able to reveal branched evolutionary tumor development in metastatic renal cell carcinoma manifesting inter-site tumor heterogeneity, with the clinical implication that single site biopsy underrepresents genetic alterations and is not able to display the complete mutational burden [11] . Therefore, heterogeneity on a genetic level may be responsible for variable treatment responses and overall outcomes, suggesting that standard treatment regiments should be phased out in favor of personalized patient-tailored therapeutic approach based on the individual genetic profiling.
Modern radiomic analyses use computer vision to extract image features from volumes of interest that could not otherwise be assessed [12] . The purpose of this study was to evaluate intra-and inter-tumoral heterogeneity via an advanced computational radiomics method to reveal local heterogeneity within a single lesion and also inter-site heterogeneity between different metastatic lesions in patients with advanced-stage HGSOC and to link this information to their genetic profile. We hypothesized that our quantitative assessment of standard-of-care computed tomography (CT) scans will reveal parameters that are able to determine BRCA mutation status and predict outcome.
Materials and methods
This was a retrospective study designed and conducted in compliance with the Health Insurance Portability and Accountability Act. The institutional review board approved the study protocol and waived the need for written informed consent for all patients.
Patients
In this study, we included patients meeting the following criteria: (1) pathologically confirmed HGSOC, (2) primary cytoreductive surgery performed at our institution (between 11/01/2005 and 02/20/2012), (3) genetic counseling and BRCA mutation testing, (4) preoperative CT with intravenous contrast administration, (5) no adjuvant chemotherapy, and (6) no concurrent malignancy. One hundred and eight consecutive patients met all our inclusion criteria. All patients were included in a prior study that investigated the associations between qualitative CT imaging features and BRCA mutation status in patients with HGSOC [13] . In twenty patients of this initial population, texture analysis was not feasible for the following reasons: (i) technical reasons, where the image data from outside patients could not be converted to the required format for the texture analysis program, (ii) patients with metal artifacts in the pelvic region from hip prostheses that would have influenced texture analysis, and (iii) scans that did not cover the upper abdomen. In total, 88 patients were included in the final study population and texture analysis was performed.
Cytoreductive surgery was performed in compliance with our institutional guidelines, including total abdominal hysterectomy, bilateral salpingo-oophorectomy, omentectomy, and pelvic and paraaortic lymphadenectomy. Further reaching resection was performed at the physician's discretion. The mean time between preoperative CT examination and cytoreductive surgery was 19 days (range 1-137 days).
Histopathological diagnosis and genetic testing
All surgical specimens were reviewed by dedicated gynecologic pathologists. For the diagnosis of HGSOC, the Gilk's modification of the World Health Organization criteria served as a reference standard [14] .
For all patients, histopathologic characteristics such as tumor architecture, nuclear polymorphism, or tumor-infiltrating lymphocytes were studied in multiple representative sections of tumors in the adnexa, while the pattern of metastatic disease was described by reviewing all available slides of metastatic deposits, as previously described [15, 16] . 
CT data acquisition
Abdomino-pelvic CT scans were performed on a CT scanner from General Electric (GE Medical Systems, Milwaukee, WI) with multiple detector rows (4-64). All images were acquired during breath hold. Patients scanned at our institution received 150 ml of intravenous contrast agent (iohexol 300, Omnipaque 300Ó; Amersham Health, GE Medical Systems) via an antecubital vein using a power injector and images were acquired in late portal venous phase. A full list of CT data acquisition parameters can be found in Online Resource 1. Patients with outside examinations met or exceeded the technical requirements. After data acquisition, images were sent to a picture archiving and communication system (PACS; Centricity, GE Healthcare).
Quantitative CT data analysis
To perform quantitative analysis in our study population, an oncologic imaging research fellow (XX) reviewed all exams and identified tumor sites involving primary ovarian mass(es) as well as omental, mesenteric, and solid metastatic implants in abdominal organs. After that, segmentation and data extraction were performed using an opensource medical image processing software (ITK-SNAP) [17] . Each lesion was contoured individually on each single slice, and a region of interest (ROI) was generated and tagged with a color coded label according to its anatomical location (e.g., primary ovarian mass(es), omentum, peritoneal, left upper quadrant). A full list of labels used is displayed in Online Resource 2. By merging all ROIs of a connected lesion, a volume of interest (VOI) was generated and the whole volume of lesions was used for further computer-assisted imaging analysis of texture features.
Gray-level spatial dependencies of the voxels within the VOI were analyzed to compute Haralick texture features [18] by first computing a gray-level co-occurrence matrix (GLCM). The GLCM represents the frequency of co-occurring pixel intensities as a two-dimensional histogram.
Texture features were computed from the GLCM and consisted of energy (a measure of the amount of gray-level variation within a given region), entropy (a measure of randomness or disorder in the distribution of signal intensities), homogeneity (a measure of uniformity in the distribution of co-occurrent intensity pairs), and contrast (a measure of variation in the distribution of co-occurrent intensity pairs). Haralick textures were computed using 5 9 5 neighborhood using an offset direction of [1] and 32 gray levels centered at each voxel using MATLAB (MathWorks Inc., Natick, Massachusetts, United States). The CT images were rescaled to 0-255 discrete intensity levels for meaningful texture extraction.
Next, the inter-site texture heterogeneity metrics were computed similar to the method outlined in [19] , where the texture values from the tumor sites were grouped to produce sub-regions of consistent texture by using K-means clustering with (n = 5) clusters. Next, an inter-site similarity matrix (ISM) was computed to capture the differences in the texture values between the clustered regions within the tumor sites. Finally, the inter-site texture heterogeneity metrics were computed from the ISM matrix. The inter-site texture heterogeneity metrics consisted of inter-site entropy (SE), inter-site cluster variance (SCV), and inter-site cluster prominence (SCP). We used only these three features as these were found to be relevant for distinguishing outcomes in patients with HGSOC in the previous study by (blinded for review) [19] . To calculate the above-mentioned features, at least two metastatic sites are needed in order to reach sufficient validity. Otherwise, the inter-site similarity metrics cannot be calculated. However, this is not an actual restriction since most patients present with International Federation of Gynecology and Obstetrics (FIGO) stage III or stage IV and thus with multiple tumor sites. In our study population, all patients presented with two or more metastatic sites.
Additional data collection
Clinical and demographical information including the details of surgery and pathology results were collected for all patients from their electronic medical records. Data about surgery and pathology results were extracted likewise. For outcome evaluation, we assessed the date of progression based on follow-up CT examination and/or cancer antigen 125 (CA-125) level. On follow-up CT, progression was defined by applying Response Evaluation Criteria In Solid Tumors (RECIST, version 1.1) [20] , namely the development of one or more new malignant lesions or progression of a preexisting lesion after completion of adjuvant chemotherapy. Similarly, a doubling of CA-125 level from the nadir or above normal value was considered as progression [21] .
Statistical analysis
Complete gross surgical resection was defined as the absence of residual disease following surgery as assessed by the operating surgeon as part of patient's standard of care. OS was defined as the time between the preoperative CT exam and date of death or censure. PFS was defined as the time between the preoperative CT scan and progression (determined based on either follow-up CT examination and/or CA-125 level). All surviving patients were followed for up to 10.7 years (median 59 months). The survival curves were estimated by computing Kaplan-Meier curves with patients dichotomized at the median values of the texture heterogeneity metrics. Log-rank test was used to test for significant differences between the survival curves. Texture measures were summarized using median and interquartile range (IQR). Comparison between texture measures and BRCA mutation status and CSR was computed using Wilcoxon rank-sum tests. P-values \ 0.05 were considered to be significant. R software (R Foundation for Statistical Computing, Austria) was used for analysis.
Results

Patient characteristics
In this study, we included 88 patients (median age 75 years, range 32-82 years). Twenty-eight patients (32%) were tested positive for BRCA mutation, of whom 18 (64%) had a BRCA1 mutation and 10 (36%) had a BRCA2 mutation. Sixty patients (68%) were tested negative for BRCA mutation.
Association between texture measures and survival
Lower values of SCV (p = 0.006) and SCP (p = 0.021) were significantly associated with longer PFS. Similarly, lower values of SCV (p = 0.003) and smaller values of SE (p = 0.014) were significantly associated with longer OS. SE (p = 0.13) and SCP (p = 0.16) were not significantly associated with PFS and OS, respectively (Figs. 1, 2, 3) .
Association between cytoreductive outcome and texture metrics
Higher levels of all three inter-site textural heterogeneity metrics were significantly associated with incomplete surgical resection in BRCA-negative patients (p \ 0.05 all) but not in BRCA-positive patients (p [ 0.05 all), as displayed in Table 1 . The results for the comparison of texture heterogeneity metrics and surgical resection status for all patients are listed in Online Resource 3.
Association between BRCA mutation status and texture metrics None of the evaluated texture metrics were able to distinguish between BRCA mutation carriers and non-mutation carriers (Table 2) . Also, the metrics did not reach a statistical significance for differentiating between BRCA1 and BRCA2 mutation (p [ 0.05 all) (Fig. 4, Table 2 ).
Discussion
In this study, we validate previous findings regarding the associations of inter-site heterogeneity texture metrics and survival in women with HGSOC [19] . However, we did not find significant associations between those same texture metrics and BRCA mutation status.
A recent study that evaluated the same patients in our analysis found a significant difference between some qualitative CT features of patients who were BRCA mutation carriers and those who were non-carriers [13] . Therefore, we hypothesized that an advanced computational analysis would be able to quantitatively analyze phenotypic traits of standard-of-care CT scans not apparent to the naked eye. We found that patients with higher SE, SCV, and SCP were more highly associated with incomplete cytoreductive surgery in BRCA-negative women but not in BRCA-positive patients. In the BRCA-negative subpopulation of the previous study, patients with peritoneal disease in the left upper quadrant and in the lesser sac, mesenteric involvement, supradiaphragmal lymphadenopathy and lymphatic spread in the suprarenal paraaortic regions were also associated with a higher likelihood of incomplete cytoreductive surgery.
Tumoral heterogeneity is a feature of solid tumors including ovarian cancer. The quantification of spatial heterogeneity on imaging may offer an opportunity to noninvasively predict outcome and to optimally triage and grant the best treatment option for every single patient. In our study population, higher metrics were associated with inferior outcome. These results are in line with previous results, in which low SCP values were associated with a better outcome [19] . These results underpin the importance of quantifying tumoral heterogeneity of single primary tumor sites and moreover different disease sites in the same patient.
Positive BRCA mutation status has been associated with a better prognosis and a longer median survival [22, 23] making it an important factor in the individual treatment setting. We hypothesized that this genotypic distinction would also be reflected in distinguishable phenotypic traits.
However, in our study, the texture metrics we used were not able to determine BRCA mutation status. This may be due to the relatively small study population and in Fig. 1 a Survival prediction using SE with regard to PSF. Survival prediction using SE with regard to OS Fig. 2 Survival prediction using SCV with regard to PSF. Survival prediction using SCV with regard to OS particular to the small BRCA1/2 subpopulations. Larger study populations are therefore warranted to eventually validate our assumption.
Limitations of this study are as follows: First, it is retrospective in nature. Second, not all patients with HGSOC underwent genetic testing perhaps resulting in a selection bias. Third, as mentioned above, the sample size was relatively small, potentially hindering higher significance. For that reason, larger study populations are warranted to confirm our findings. Lastly, the manual segmentation is a time-consuming process hindering translation into clinical daily practice. However, advances in artificial intelligence supported algorithm may facilitate automatic segmentation and thus making texture features available faster and without extra effort.
In conclusion, the assessment of tumoral heterogeneity in the era of personalized medicine is important, as increased heterogeneity has been associated with distinct genomic abnormalities and worse patient outcomes. Our radiomics approach in these standard-of-care CT scans may have a clinical impact by offering a non-invasive tool to predict outcome and therefore improve treatment selection and effectiveness. However, it was not able to assess BRCA mutation status in women with HGSOC.
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